Objective: About one out of two women with primary hypothyroidism has to increase the dosage of exogenous levothyroxine (L-T 4 ) during pregnancy. Considering the detrimental impact of IVF on thyroid function, it has been claimed but not demonstrated that L-T 4 dose adjustment may be more significant in hypothyroid women who become pregnant after IVF. Design: Retrospective cohort study. Methods: Hypothyroid-treated women who achieved a live birth through IVF were reviewed. Women could be included if thyroid function was well compensated with L-T 4 before the IVF cycle (i.e., serum TSH !2.5 mIU/l and serum free T 4 within the normal range). Serum TSH and dose adjustment were evaluated at five time points during pregnancy. The trimester ranges for serum TSH considered as reference to adjust L-T 4 therapy were 0.1-2.5 mIU/l for the first trimester, 0.2-3.0 mIU/l for the second trimester, and 0.3-3.0 mIU/l for the third trimester. Results: Thirty-eight women were selected. During the whole pregnancy 32 women (84%; 95% CI: 72-96%) required an increase in the dose of L-T 4 . In most cases (nZ28), this occured within the first 5-7 weeks of gestation (74%, 95% CI: 58-85%). At 5-7 weeks of gestation, the median (interquartile range) increase of L-T 4 dose for the whole cohort was 26% (0-50%). At 30-32 weeks, it was 33% (14-68%). In order to identify predictive factors of dose adjustment, we compared women who did (nZ28) and did not (nZ10) adjust L-T 4 dosage at 5-7 weeks' gestation. Significant differences emerged for thyroid autoimmunity prevalence and for the distribution of hypothyroidism aetiology. Conclusions: The vast majority of hypothyroid-treated women who achieve pregnancy through IVF need an increase in the L-T 4 dose during gestation. This requirement tends to occur very early during gestation.
Introduction
Pregnancy can be viewed as a prolonged physiological condition in which a combination of events modifies the thyroidal economy (1) . During the first trimester, human chorionic gonadotropin (hCG) increases temporarily. This hormone possesses an intrinsic, albeit weak, thyroid stimulating activity (2) . Simultaneously with this event and throughout the entire pregnancy, one can observe the estrogen-driven increase in the concentration of thyroxinebinding globulin (TBG), which results in a marked fall in serum-free thyroxine (T 4 ) concentrations and thyrotropin (TSH) increase. These two pivotal events, acting in opposite directions, maintain the homeostasis in euthyroid pregnant women. On the contrary, during gestation in women with primary hypothyroidism, the thyroid is not able to adjust the secretion of T 4 to adequately compensate for the increased availability of binding sites and request (3) . Therefore, an increased dosage of replacement levothyroxine (L-T 4 ) is commonly necessary in these patients to maintain homeostasis (Table 1) . Given the well-known significant adverse effects on pregnancy and fetal development of both subclinical and overt hypothyroidism (4) , an appropriate L-T 4 replacement scheme is mandatory. In a recent randomized clinical trial (RCT), Yassa et al. (5) conclude that a 30% increase in L-T 4 at confirmation of pregnancy significantly reduces the risk of maternal hypothyroidism during the first trimester and mimics normal physiology.
There is a growing body of evidence suggesting an impact of controlled ovarian hyperstimulation (COH) on thyroid function. Several independent studies have reported a significant increase in serum TSH during COH or within 1 month after COH (6, 7, 8, 9, 10, 11, 12) . The causes of these modifications have not yet been fully clarified. Different study groups have claimed a key role of estrogen increase. During IVF procedures, the marked rise in estradiol levels may induce a severe strain on the hypothalamic-pituitary-thyroid axis and alter the distribution and kinetics of thyroid hormones (12, 13) . In particular, the increase in TSH may result from an estrogen-induced rise in TBG concentrations, as a consequence of an increased hepatic production associated with a reduced clearance rate. The magnitude of the TSH increase seems to be particularly pronounced among hypothyroid women. In a previous study, we observed that during COH, serum TSH exceeded the recommend threshold of 2.5 mIU/l in up to two-thirds of adequately treated hypothyroid patients, and this increase tends to persist after the end of COH (14) . Considering such a considerable impairment of the thyroid function during COH, one could speculate that hypothyroid women who become pregnant after IVF may require, especially in early gestation, a different L-T 4 dose adjustment. An elegant prospective study aimed at identifying precisely the timing and amount of L-T 4 adjustment required during pregnancy tends to support this hypothesis (15) . The authors indeed observed that women who became pregnant by means of assisted reproductive techniques have an earlier and greater increase in serum levels of TSH than those who conceive naturally. However, this observation was based on only three cases, and more robust evidence is warranted. Given the clinical relevance of this topic, we deemed of interest reporting on L-T 4 adjustments during gestation in a large series of hypothyroid women who become pregnant through IVF.
Subjects and methods
Women who achieved a live birth through IVF-ICSI cycles between January 2011 and December 2013 at the Infertility Unit of the Fondazione Ca' Granda Ospedale Maggiore Policlinico were reviewed. Women who were diagnosed with overt or subclinical hypothyroidism before the IVF-ICSI cycle and who were receiving L-T 4 were considered for study entry. The different causes of hypothyroidism are reported in Table 2 . They were included in the study if thyroid function was strictly monitored and managed during pregnancy. More specifically, we included women who were evaluated in at least five precise time points during pregnancy: i) between the 5th and 7th week of gestation, ii) between the 11th and 13th week of gestation, iii) between the 20th and the 22nd week of gestation, iv) between the 30th and the 32nd week of gestation, and v) between the 4th and the 6th week after delivery. Patients who developed ovarian hyperstimulation syndrome (nZ3) were not included in the study. The study was approved by the local Institutional Review Board.
Data were collected using the patients' chart of the Infertility, Obstetrical and Endocrinological Units of the Fondazione Ca' Granda Ospedale Maggiore Policlinico. Phone follow-ups were performed for missing data or if available information was inconsistent. If required, women were requested to send the missing data by mail or fax. Women who sent incomplete information (nZ5) were excluded.
The precise protocol used for IVF in our clinic is reported in detail elsewhere (16) . Of interest here is that 
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Clinical Study A Busnelli and others Levothyroxine adjustment in IVF pregnancies 173:4serum TSH was systematically tested prior to initiating the IVF cycle. Only women with optimal serum TSH (between 0.1 and 2.5 mIU/l) could start the cycle. Women who had levels O2.5 mIU/l were referred to the endocrinologists for L-T 4 adjustment or initiation. Women were actually never censored because of abnormal levels. In these cases, the cycle was only delayed until optimal levels were reached. During the IVF cycle, serum TSH was not assessed and the L-T 4 dose was not adjusted. The trimester-specific ranges considered as reference to adjust L-T 4 therapy were those suggested by the two major scientific associations on the subject: first trimester, 0.1-2.5 mIU/l; second trimester, 0.2-3.0 mIU/l; and third trimester, 0.3-3.0 mIU/l (17, 18) . Pregnant women with hypothyroidism were tested monthly for serum TSH, and if serum TSH was not within these thresholds, L-T 4 was adjusted.
Serum TSH was tested using the Immulite analyser, a fully automated solid-phase third-generation immunoassay analyser with a chemiluminescent detection system (Diagnostic Products Corp., Los Angeles, CA, USA). The intra-and inter-assay coefficients of variation around the values of normal range were both !10%. TPO and TG antibodies were measured using commercial diagnostic kits involving an immunofluorescence assay (Phadia; Thermo Scientific, Waltham, MA, USA), with normal values set at !35 IU/l (anti-TPO) and !40 IU/l (anti-TG).
Data analysis was performed using the Statistics Package for Social Sciences (SPSS 18.0). Data were compared using ANOVA for repeated measures, Student's t-test, Wilcoxon's test for unpaired data, or Fisher's exact test, as appropriate. A binomial distribution model was used to calculate the 95% CI of proportions. We deem clinically relevant demonstrating that the proportion of women needing dose adjustment would increase from 56% in natural pregnancy (Table 1) to more than 80% in IVF pregnancies. Setting type 1 and 2 errors to 0.05 and 0.20, respectively, we calculated that we needed at least 30 women.
Results
Thirty-eight women were ultimately selected. Baseline and IVF cycle characteristics of these women are shown in Table 2 . The daily dose of L-T 4 assumed before pregnancy was 64G28 mg. The modification of the dose during pregnancy is illustrated in Fig. 1 . During the whole pregnancy, 32 women (84%; 95% CI: 72-96%) required an increase in the dose of L-T 4 (Table 3 ). In most cases (nZ28), this occured within the first 5-7 weeks of gestation (74%, 95% CI: 58-85%). Subsequently, only a minority of women (nZ4) required adjustment. At 5-7 weeks' gestation, the median increase of L-T 4 dose was 26% (interquartile range (IQR): 0-50%). It was 33% (IQR: 26-63%) when exclusively focusing on women who did adjust the dose. Subsequently, only a milder increase was observed. The maximum dose of L-T 4 was reached at 30-32 weeks when the median increase from baseline for the whole cohort and for women who did adjust the dose was 33% (IQR: 14-68%) and 50% (IQR: 25-75%) respectively. After delivery, L-T 4 requirements dropped significantly. Only 17 women (45%, 95% CI: 30-60%) were assuming higher dosages of L-T 4 (Table 3) .
In order to identify predictive factors of early dose adjustment, we compared women who did (nZ28) and did not (nZ10) adjust L-T 4 dosage at 5-7 weeks' gestation. Results are shown in Table 4 . Significant differences emerged for thyroid autoimmunity prevalence and for the distribution of hypothyroidism. Serum estrogens at the time of hCG was also higher in women requiring adjustment but the difference did not reach frank statistical significance (PZ0.06).
Discussion
During the whole gestation, 84% of women achieving pregnancy through IVF needed an increase in the dose of 
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173:4L-T 4 to maintain euthyroidism. The highest increment was observed in early pregnancy. Three out of four women required dose adjustment within 5-7 weeks' gestation. Subsequently, the L-T 4 dose requirement continued to rise gradually but in a less striking manner and reached the maximum at 30-32 weeks. Postpartum, the average dose of required L-T 4 rapidly dropped.
Our study supports the idea that L-T 4 adjustment is more relevant in hypothyroid women achieving pregnancy through IVF. Based on our meta-analysis of the available studies reporting on L-T 4 adjustment in pregnancy (Table 1) , the proportion of women requiring adjustment resulted 56% (95% CI: 52-60%), which is considerably lower than the 84% (95% CI: 70-93%) observed in our series. Noteworthy, the two 95%CIs do not overlap and the reported rates exceeded our 84% in only one of the ten identified studies (19) . To note, this latter study refers to the most stringent criteria used for L-T 4 adjustment (serum TSH had to maintain below 2.5 mIU/l for the whole duration of pregnancy). On the other hand, it is noteworthy that the results from previous contributions are highly heterogeneous. The proportion varies from 22% (20) to 87% (19) . These relevant differences presumably reflect differences in study design (prospective vs retrospective), characteristics of the studied populations, and clinical criteria used to adjust L- In the present study, the positivity of anti-thyroid autoantibodies and, consistently, the autoimmune origin of hypothyroidism resulted statistically significantly associated with the need for L-T 4 adjustment in early pregnancy, indicating that the contribution of the thyroid gland to the maintenance of euthyroidism is further impaired and becomes insufficient during pregnancy. This significant association and the high prevalence (50%) of TAI-negative hypothyroidism in the group of patients who did not need to adjust L-T 4 dosage in early pregnancy indirectly support the thesis of a milder clinical course of TAI-negative hypothyroidism when compared with autoimmune hypothyroidism (22) . Finally, it has to be emphasized that only one of the ten studies shown in Table 1 reported data separately for assisted reproductive technology (ART) pregnancies (15), and we cannot exclude that data from other contributions may have been inflated by the inclusion of some IVF pregnancies. The impact of the criteria used to adjust L-T 4 is obvious and intuitively relevant. As shown in Table 1 , these criteria unfortunately varied substantially among the available evidence. In this regard, it is worth noting that only Abalovich et al. (21) referred to the same criteria used in our study. Interestingly, these authors reported a 32% rate of adjustment, markedly lower than the 84% observed in our series. Our study also suggests that the pattern of L-T 4 modification during pregnancy differed in IVF pregnancies compared to natural pregnancies. Most of the increase in L-T 4 requirements actually occurred very early, within the first few weeks of pregnancy. In natural pregnancies, the increase in L-T 4 is more gradual (15) . This different pattern was already pointed out by Alexander et al. (15) in their small subgroup (nZ3) of women who became pregnant by means of assisted reproduction techniques. Estrogens might have a key role. In fact, in a recent study, Lv et al. (23) observed, during the first trimester, a higher level of estrogens in pregnancies achieved through IVF than in natural pregnancies. Noteworthy, there is consistent evidence showing a TSH rise during IVF in euthyroid women, and this increase appears to be more evident in women with treated hypothyroidism (10, 14) . This modification mainly occurs during gonadotropin treatment (i.e., prior to hCG administration). In our series, we also observed a trend for higher serum estrogens at the time of hCG administration in women requiring early adjustment of L-T 4 . On the other hand, data from studies in women undergoing IVF failed to show a pivotal role of estrogens in IVF-related serum TSH modifications (10, 11, 14) . Overall, even if estrogens may play a role, it is likely that other, yet obscure mechanisms are also involved.
We did not detect significant differences in the baseline TSH concentration in patients who did and did not require an increment in L-T 4 dosage during pregnancy. This is in contrast with previous studies on natural pregnancies. Both Abalovich et al. (21) and Kothari & Girling (24) observed that, before pregnancy, the mean TSH value was lower in women who did not need additional L-T 4 during pregnancy than in those who needed an increase. Abalovich et al. (21) also observed that only 17% of women with a preconception TSH lower than 1.2 mIU/l had to increase the L-T 4 dose during pregnancy (21) . Inconsistency with our findings may be explained by a type 2 error. Alternatively, the detrimental and yet unpredictable and unexplained effects of IVF may have diluted this effect.
Our study has some limitations. The most obvious is the absence of a control group. Further evidence comparing women who naturally achieved pregnancy and those becoming pregnant through IVF is warranted. This study design is not simple, however, because infertile women represent a peculiar group of women, and identifying a proper group of controls is complex. A prospective study is more suitable to prevent differences in clinical management, and a matched analysis may be more appropriate to prevent confounders. Women should indeed be matched at least for the cause of hypothyroidism and the baseline dosage of L-T 4 . A second limitation is our retrospective study design. However, we do not deem this point of utmost relevance because great attention is given to thyroid dysfunctions in all the involved units of our institution. Moreover, a stringent and standardized policy for L-T 4 adjustment was used. Thirdly, we did not monitor the thyroid function during the IVF cycle. This could be an added value of future studies, since a link between thyroid autoimmunity and thyroid function and IVF may be evident also in the early phase of COH (25) .
Our results have clinical and therapeutic implications. Promptly adjusting L-T 4 already in the 1st weeks of pregnancy is of utmost importance. Suboptimal thyroid function is in fact associated with adverse pregnancy outcomes including an increased risk of miscarriage, premature birth, gestational hypertension, placental abruption, and postpartum haemorrhage (26, 27, 28) , as well as impaired neurological development in the offspring (28, 29, 30) . Based on results from a RCT, Yassa et al. (5) suggested that a per default 30% increase of L-T 4 significantly reduces the risk of maternal hypothyroidism during the first trimester and mimics normal physiology. Our data seem to suggest that women who achieve pregnancy through IVF may need a higher increase in the dose of L-T 4 immediately upon confirmation of pregnancy. Prospective studies are warranted to identify the most suitable management strategy. In the meantime, one can adopt the two-tablets increase approach but also strictly monitor serum TSH.
In conclusion, a high proportion of treated hypothyroid women who achieve pregnancy through IVF need an early increase in the L-T 4 dose during gestation. Requirements seem to be higher and to occur earlier when compared to natural pregnancy. Reasons behind these modifications remain to be fully clarified. Moreover, prospective studies are needed to identify the best management strategy to prevent gestational hypothyroidism in affected women.
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